The scattering length of a proton against a polarized neutron depends strongly on the polarization of proton spins (P H ). This dependence can be utilized for contrast variation in small angle neutron scattering (SANS). We applied this spin contrast variation technique to a silica-filled SBR rubber specimen, which is widely used for tread rubber of fuel-efficient tires. For realizing high P H , we used dynamic nuclear polarization (DNP) technique, in which large polarization of electron spin at low temperature and high magnetic field is transferred to proton spin by microwave irradiation with a tuned frequency. As this electron spin source, we doped stable radical TEMPO (2,2,6,6-tetramethyl piperidine 1-oxyl) into the rubber sample by use of a vapor sorption technique. For the TEMPO-doped rubber sample, SANS measurements were conducted at P H = 20%, 0%, and +13%, with almost fully polarized neutron beam (98.5 %) with its wavelength of 6.5±0.6 Å. The SANS profile clearly changed as a function of P H , which can be explained by the P H dependence of the neutron scattering length densities of the main three components (SBR, silica and zinc oxide). By a linear transformation of the profiles obtained at the three different P H values, we successfully determined the partial scattering function of silica, which reflects the aggregation of silica particles.
Introduction
In small angle neutron scattering (SANS), contrast variation techniques have been effectively used for structural study of multi-component systems [1] . For this purpose, deuterium substitution has been conventionally employed, which takes advantage of the difference in neutron scattering length between proton and deuteron [2] . This deuterium substitution technique can be easily applied to solution or gel systems, which include solvent, because of the reasonable cost of deuterated solvents. Whereas, the synthesis of deuterated polymer materials costs too much. Hence, another technique applicable to these materials, whose deuteration is difficult, has been desired. For this purpose, proton spin polarization can be used.
A proton's scattering length (b H ) against a fully polarized neutron depends strongly on proton spin polarization (P H ) as follows [2] .
Here, the sign of P H is defined to be positive or negative when the polarization of proton is parallel or antiparallel to that of neutron, respectively. It is noteworthy that the variation range of b H by varying P H from 1 to +1 is about 2.5 times larger than that only caused by deuterium substitution (neutron scattering length of deuteron, b D is 0.667 × 10 12 cm [2] ). The first application of proton spin polarization to SANS was conducted by Stuhrmann et al. for studying ribosomal protein structure in solution [3] . After that, several studies have been conducted [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , but the number of studies in this field is still limited. So, many topics are still left untouched. Among them, we have focused on the application to rubber materials, whose deuteration costs too much.
SANS has been effectively used for the structural study of rubber materials including filler particles, such as carbon black and silica [14] [15] [16] . The dispersion state of the fillers in rubber matrix attracted interests of many researchers, because it is strongly related to not only the tire's reinforcement but also energy loss performance. The latter of which is a key factor for improving tire's fuel-efficiency [17] . However, in addition to the filler, several compounds are usually added to rubber materials for improving product's performance or reducing processing labor. As a result, the scattering of these components overlaps in SANS profile to make the determination of the spatial distribution of the fillers difficult. To overcome this difficulty, the contrast variation technique by using proton spin polarization is the most essential method, which enables us to separate the partial scattering function of each components of our interest from the observed scattering without perturbing the systems under investigations.
Experimental

Sample preparation
We studied a rubber sample, which is composed of SBR (styrene-butadiene random copolymer, styrene:butadiene=20:80) as a matrix rubber, silica particles (Nipsil AQ, TOSOH SILICA) as a reinforcing filler and other additives (Table 1) . In a milling machine, all the ingredients were mixed. The obtained mixture was pressed inside a mold at 160 °C for 40 minutes to give a rubber sheet with 1mm thickness [17] . 
Electron spin doping
For achieving high P H , we used dynamic nuclear polarization (DNP) technique, in which high polarization of electron spins is transferred to proton spins by microwave irradiation [18] . For DNP, a sample should include electron spin source. A stable free radical TEMPO (2,2,6,6-tetramethyl piperidine 1-oxyl, Fig. 1a ) is known to work as electron spin source. We put the rubber sample with TEMPO inside a sealed glassware at 30 °C for 1 day. By this process, vaporized TEMPO spontaneously permeated the rubber sample. This vapor sorption technique was originally developed by Bunyatova for polyethylene [19] , and can also work for filled rubber materials. Fig. 1b shows the ESR spectrum measured at room temperature for the rubber sample after the vapor sorption process. We can see well-resolved 3 peaks due to the doped TEMPO radical. The signal sharpness indicates that freely rotating TEMPO molecules disperse homogeneously throughout the SBR rubber matrix. Furthermore, from the ESR signal intensity, the TEMPO concentration was determined to be 37 mM (0.52 wt%). Considering the effective area (82.2 %) which TEMPO can disperse, the local concentration was calculated to be 44 mM. This is close to the known optimum value for DNP (33 mM) [19] .
SANS experiment at DNP states
SANS experiment was conducted at SANS-J-II at Japan Research Reactor No. 3 (JRR-3) in Japan Atomic Energy Agency (JAEA) [20] [21] [22] . Fig. 1c indicates the photograph of the experimental setup. The proton spins were polarized by microwave irradiation (94GHz) at 3.3 Tesla and 1.2 K by use of a cryostat designed for DNP experiment [23] [24] [25] [26] . Neutron beam with wavelength of 6.5 ± 0.6 Å was almost fully polarized (98.5 %) by use of Fe/Si supermirror. In addition to conventional pinhole collimation geometry, we employed focusing geometry [20] [21] [22] for observing ultra-small-angle neutron scattering, which is useful for investigating large size aggregates, likely formed by silica particles. In this focusing geometry, neutron beam was narrowed 3 × 3 mm 2 at 10 m upstream of the sample, polarized by the supermirror, and bended toward the beam center by use of Halbach-type sextupole magnet lens positioned at 1.09 -2.29 m upstream from the sample so that the neutron beam was focused on the detector plane positioned at 10 m downstream from the sample [20, 21] . Furthermore, photomultiplier-type detector with high-spatial-resolution (< 0.5 mm) was employed for detecting neutrons with ultra-small-scattering-angle [22] .
In this experiment, we controlled protons' polarization direction under the fixed neutron polarization direction, although a neutron -spin flipper, which can invert the neutron polarization direction instantly, is usually used for this type of experiments. This is because the neutron -spin flipper of our focusing geometry is located between the magnet lens and the sample, and cannot work under the strong magnetic field generated by super-conducting magnet for DNP. In our experimental conditions, the full inversion of the proton polarization direction took several ten minutes typically.
Results and discussion
We were able to polarize the rubber sample up to P H = +13% and down to P H = 20% by tuning microwave frequency to electron proton and electron + proton , respectively, where electron and proton are the angular frequencies of Zeeman splitting energy of an electron and a proton, respectively. Here, the P H value was determined by the neutron transmission measurement in a similar manner as previously reported [13] . Fig. 2a shows the observed SANS profiles for P H = 20%, 0%, and +13%. As a horizontal axis of the SANS profiles, we used a magnitude of scattering vector, q [= (4 / ) sin( /2), here, and being wavelength of neutron, and scattering angle, respectively]. The profile in the low q side (q < 0.004 Å 1 ) was measured by use of the focusing geometry [20] [21] [22] . The SANS profile clearly changed by proton spin polarization. We assumed the sample is composed of three components (SBR, silica, and zinc oxide). Since the other small amount of ingredients (cross-linking sulfur and various small organic compounds) are thought to disperse homogeneously throughout the SBR matrix, they are assumed to belong to the SBR matrix phase. Fig. 2b shows the neutron scattering length density of these three components, calculated from their known atomic compositions. We can see that only the SBR component, which contains hydrogen, depends on P H . At P H = +13%, the neutron scattering contrast between SBR and silica components is much less than that between SBR and zinc oxide. Therefore, the scattering due to zinc oxide becomes dominant. Whereas, at P H = 20%, the silica's contrast against SBR becomes close to the zinc oxide's contrast against SBR. Therefore, the scattering due to silica becomes more emphasized than the other cases. Fig. 2c explains this situation visually.
Again as shown in Fig. 2b , there are two matching conditions; The neutron scattering length density of SBR matches that of silica at P H = +29.3% and that of zinc oxide at P H = +50.1%. For the determination of silica's partial scattering function, the latter matching condition (P H = +50.1%, where only silica component is visible in the matrix) is ideal. Although the achieved P H in this experiment was below this, we have a chance to evaluate analytically the partial scattering function due to silica separately from that due to zinc oxide by analyzing the observed three SANS profiles as a function of P H in a manner similar to that reported earlier [16] . Fig. 3 shows the obtained partial scattering function of silica. The diameter of primary particle of silica is known to be 160 Å according to the supplier. The gray curve in Fig. 3 shows a form factor calculated for this primary particle of silica. In the high q side (q > 0.03 Å 1 ), the calculated form factor agrees with the observed profile, but they largely deviate in the low q side (q < 0.03 Å 1 ). The observed upturn in the low q side is attributed to the silica aggregates. The broadness of the shoulder in the observed profile suggests that the size distribution of silica aggregates is very wide. Further profile fitting is expected to give a detailed information of silica's dispersion.
The maximum |P H | (20%) achieved in this study was rather small, compared to our previous achievement of |P H | = 37% for polystyrene-polyisoprene diblock copolymer [13] . Probably, this small |P H | is thought to be due to silica particles with its volume fraction of 17.4 %. Silica particles possibly become obstacle for the diffusion of proton spin polarization, to result in |P H | decrease. On the other hand, the TEMPO concentration of the rubber sample used in this study (44 mM) was rather high. The situation might be improved by further optimization of TEMPO doping conditions. It is noteworthy that even for this rather small |P H |, the observed SANS profile changed clearly. One of the reason is that the matrix phase of SBR contains hydrogen, whereas the filled components (silica and zinc oxide) don't. Hence, only in the matrix phase, the scattering length density changed, to result in a significant contrast variation. In other words, for a system composed of polymer matrix and inorganic fillers without hydrogen, the contrast variation method by proton spin polarization works quite effectively.
Conclusion
We succeeded in applying proton spin polarization for contrast variation in the SANS study of silicafilled SBR rubber. This technique is promising especially for structural analysis of a system composed of polymer matrix and inorganic fillers. 
